Microbial induction of rusty-root was proved in this study. The enzymes hydrolyzing plant structural materials, including pectinase, pectolyase, ligninase, and cellulase, caused the rusty-root in ginseng. Pectinase and pectolyase produced the highest rusty-color formation. Ferrous ion (Fe +++ ) caused the synergistic effect on rusty-root formation in ginseng when it was used with pectinase. The effect of ferric ion (Fe ++ ) on rusty-root formation was slow, compared with Fe +++ , probably due to gradual oxidation to Fe +++ . Other metal ions including the ferric ion (Fe ++ ) did not affect rusty-root formation. The endophytic bacteria Agrobacterium tumefaciens, Lysobacter gummosus, Pseudomonas veronii, Pseudomonas marginalis, Rhodococcus erythropolis, and Rhodococcus globerulus, and the rotten-root forming phytophathogenic fungus Cylindrocarpon destructans, caused rusty-root. The polyphenol formation (rusty color) was not significantly different between microorganisms. The rotten-root-forming C. destructans produced large quantities of external cellulase activity (≈2.3 U[µM/min/mg protein]), which indicated the pathogenecity of the fungus, whereas the bacteria produced 0.1-0.7 U. The fungal external pectinase activities (0.05 U) and rusty-root formation activity were similar to those of the bacteria. In this report, we proved that microbial hydrolyzing enzymes caused rusty-root (Hue value 15 o ) of ginseng, and ferrous ion worsened the symptom.
Ginseng (Panax ginseng) is one of the most important crops in Korea for herbal medicine. About $500 million of ginseng was produced in Korea in 2006 [12] . Ginseng has become popular in North America: the annual average production of ginseng during 1999-2003 was 971 tons in Ontario [22] , 741 tons in British Columbia, and 296 tons in Wisconsin [1, 11] . However, the major diseases of ginseng block its production. The most important diseases of ginseng are rotten-root and rusty-root [2, 19, 20] . Rustyroot contains brown spots on the surface of ginseng and decreases its value. Rusty-root formation is slow, and thus if it is detected, farmers will harvest. Rotten-root is caused by the fungus Cylindrocarpon destructans. The symptom starts with rusty-root, but the development to rotten-root is fast, taking 2 weeks. Once the disease is found, farmers give up on harvesting because the ginseng structure is no longer rigid [2] .
Many studies have reported the cause of rusty-root. The severe damages in ginseng cultivations are due to Pseudomonas marginalis, Microbacterium oxydans, Lysobacter gummosus, Rhizobium Leguminosarum, Pseudomonas veronii, and Agrobacterium tumefaciens [5] . However, the results are controversial. Certain reports indicated that rusty-root symptom was caused by microorganisms. The Gramnegative bacterium Pseudomonas panacis, was detected in rusty-root [13] , possibly a cause of rusty-root of ginseng. Reeleder et al. [16] reported that a species of the fungus, Rhexocercosporidium, was only detected in rusty-root and proposed the fungus was a cause of rusty-root. Furthermore, Choi et al. [5] isolated Agrobacterium tumefaciens, Pseudomonas marginalis, Rhodococcus erythropolis, R. globerulus, Lysobacter gummosus, and P. veronii in the rusty part of ginseng as endophytes. They confirmed the formation of rusty-root after inoculation of the bacteria on the surface of ginseng. Although the fungus Cylindrocarpon destructans is a phytopathogen causing rotten-root of ginseng, it also causes rusty-root symptom at the beginning *Corresponding author Phone: +82-42-821-7592; Fax: +82-42-823-4835; E-mail: ghahn@cnu.kr of the disease [17, 18] . On the surface of rusty parts of ginseng, a large number of microorganisms were usually detected [4] and the treatment of antibiotics inhibited the formation of rusty-root [14] .
Many reports have mentioned the cause of rusty-root to be by chemical reasons. Yang et al. [21] reported that the production of phenolic compounds and its transportation to the outside skin of ginseng was the cause of rusty-root. The inoculation of Agrobacterium tumefaciens, Lysobacter gummosus, and P. veronii caused an increase in the production of polyphenols [7] . In the rusty part of ginseng, large quantities of Fe were present [4, 6, 21] .
In this study, we aimed to find the cause of rusty-root. Since polyphenols usually inhibit the growth of microorganisms, we hypothesized that ginseng produced polyphenols against intruding microorganisms. We also hypothesized that to penetrate the ginseng, microorganisms excreted hydrolyzing enzymes, and ginseng responded to these enzymes. Furthermore, since Fe accumulated on the surface of rusty-root, we tested whether Fe ions increased the rusty-root formation. Since Fe is a metal, other metal ions were also tested for their influence on rusty-root. In this paper, we propose that hydrolyzing enzymes for structural components and the ferrous ion are causes of rusty-root.
MATERIALS AND METHODS

Materials
The enzymes cellulase (Sigma), pectinase (Sigma), pectolyase (Sigma), pectinesterase (Sigma), and lignin peroxidase (Fluka) were used for detection of rusty-root formation activity and enzyme standards. The metal ions from MnO (Alfa Aesar), Mn 
·6H
2 O (Kanto, Japan) were tested for synergistic effect on rusty-root formation. The 11 bacterial strains used here were isolated from a previous study [5] . The degrees of rusty-color formation were severe by Pseudomonas veronii (CG123, CG124); mild by Agrobacterium tumefaciens (CG101, CG102, CG129), Rhodococcus erythropolis (CG114), Rhodococcus globerulus (CG125), Pseudomonas marginalis (CG104), and Pseudomonas veronii (CG125); and slight by Lysobacter gummosus (CG116, CG117). The degree of rusty-color formation by Cylindrocarpon destructans (CD001) was not determined previously. These bacteria were grown in King's medium (peptone 20 g/l; K 
·7H
2 O 1.5 g/l; and glycerol 15 ml/l) for 24 h with orbital shaking. Cylindrocarpon destructans (KACC 410077) was obtained from KACC (Korea Agricultural Culture Collection, Suwon, Korea) and grown in PDB medium (potato dextrose broth; Difco, USA) for 2 weeks. the ginseng (3-4 years old) used in this study was purchased from the Kumsan Ginseng Center (Kumsan, Korea) and kept in a refrigerator.
Rusty-Root Formation and Measurement
Ginseng was cut with sterilized knifes to fit in petri dishes. It was prepared in two ways: wound and raw. For wound ginseng, its surface was scraped with sand paper (# 220). The ginseng was treated with enzymes, microorganisms (≈10 6 -7 CFU/ml), and metal ions by covering with filter paper discs (Toyo Roshi Kaisha, Ltd. lot no. 60421693; Tokyo, Japan). The bacteria used here were found as the endophytic bacteria on the rusty-root spots [4] . In addition, the rotten-root forming phytopathogenic fungus Cylindrocarpon destructans was used.
The solution for the treatment contained a hydrolyzing enzyme at 1 unit (1 µM substrate/min/mg protein) and metal ions at 3% (w/v). One ml each of the treating solution was applied on the paper discs. The sample ginseng was laid on sterilized cotton balls containing phthalate-sodium hydroxide buffer (pH4.6) and kept at 20 
Pectinase and Cellulase Activities
Pectinase and cellulase activities were determined by measuring the produced reducing sugar after reaction with pectin (Fulka, catalog no. 76280) and cellulose (Sigma, catalog no. C6288), respectively. The reducing sugar was measured by the DNS method [9, 10] Galacturonic acid and glucose were used as standards. The Bradford method [22] was used for protein quantification and bovine serum albumin was used as the standard (Bio-Rad Protein Assay Dye Reagent Concentrate; Bio-Rad Laboratories, Inc., CA, USA). All samples were prepared in triplicate.
RESULTS AND DISCUSSION
Since the brown spots on rusty-root were caused by phenolics [21] and inoculation of microorganisms on the surface of ginseng caused brown spots, it might be caused by invasion of microorganisms through hydrolyzing enzymes. Therefore, the enzymes hydrolyzing the ginseng structure components were tested for the cause of rusty-root. All the hydrolyzing enzymes used (pectinase, pectolyase, ligninase and cellulase) caused rusty-root (Fig. 1) . However, the non-hydrolyzing enzyme pectin esterase did not affect the rusty-root formation (Fig. 1) . We also tested with unwounded ginseng and the rusty color was significantly formed compared with the control, which was not treated with enzymes (data not shown). We detected pectinase activity in rusty-root, but the level was too low and thus it was hard to determine if it came from endophytic bacteria or excreted enzyme (data not shown). Probably, pectin hydrolysis was mild and the detection was very limited. However, cellulase in rotten-root was detected, indicating a direct involvement of cellulase (unpublished data).
The rusty-root contained an increased amount of Fe [4] and thus the effect of Fe on rusty-root formation was determined. Ions of Fe, Mn, Mg, Ca, Na, K, and Cd were tested, but only Fe +++ affected the formation of rusty-root (data not shown). Therefore, the effects of Fe ions and pectinase on rusty-root formation were further tested.
Fe +++ increased rusty-color formation on ginseng at the early stage of treatment. Probably, Fe +++ might bind to ginseng and the rusty color of Fe +++ caused the rusty-root. However, Fe ++ gradually did the same during 2 weeks of experimental period (Fig. 2) . Iron in the Fe ++ -polyphenol complex autooxidizes to Fe +++ in the presence of O 2 [15] . This result suggested that Fe ++ oxidized to Fe +++ during incubation, but it might be a slow process because of limited O 2 under soil in natural rusty-root formation or aqueous condition in the laboratory. Pectinase (Fig. 2) and other hydrolyzing enzymes (Fig. 1 ) also increased the rusty color during the experimental period. By hydrolyzing cell structural compounds, polyphenols might be exposed to oxidation conditions and then polyphenols oxidation caused rusty-color formation [7] . Therefore, the rustycolor formation seemed to be due to two sources: Fe +++ and oxidized polyphenols. The effect of pectinase + FeCl 2 on the rusty-color formation was less severe than the effect of the FeCl 2 or pectinase alone (Fig. 2) (Fig. 2) . Polyphenols might stabilize the rusty color by forming a Fe +++ -polyphenol complex [15] .
Microbial Effect
Since endophytic microorganisms caused rusty-color formation on ginseng [5] , the bacterial activity of the rustycolor formation was tested. The rotten-root forming phytopathogenic fungus Cylindrocarpon destructans was also tested because it caused rusty-root [17] . All endophytic microorganisms and the fungus increased rusty-color formation compared with the control (Fig. 3) . The degree of rusty-color formation in this study (Fig. 3) was different from previous results [5] . It was probably due to the differences in inoculated bacterial cell mass. In this study (Fig. 3) , the same amount of bacteria was applied after measuring the cell mass by the turbidity at 600 nm.
The degree of rusty-color formation and the pectinase activity did not correlate ( Fig. 3 and 4) . Since pectinase, pectolyase, cellulase, and ligninase caused the rusty color, it could be produced by a complicated work of those hydrolyzing enzymes. Therefore, the pectinase activity might not correlate with rusty-color formation. Moreover, the enzyme activity could be expressed by four ways as shown in Fig. 4 , and thus it might be hard to match with the rusty color. Another hydrolyzing enzyme, cellulase, was also tested to explain the discrepancy in pectinase activity. Interestingly, the extra-and intracellular cellulase activities (unit/g) showed meaningful Pearson correlation coefficients with the Hue values of wound ginseng at 0.43 and 0.55, with mild significance at p=0.16 and p=0.07, respectively (data not shown). Interestingly, the cellulase activity of bacteria was higher than the pectinase activity by about 4-fold (Fig. 4 and 5) . These results suggested that the major hydrolyzing enzyme activity mainly affected the rusty-color formation.
The cellulase activity of the bacteria was significantly lower than that of the fungus (Fig. 5) . C. destructans is an important rotten-root forming fungus. The cellulase activity of the fungus, especially secreting enzyme level, was significantly higher than the other bacteria. When cellulase was treated on the surface of ginseng, 3-day treatment (at 1 unit/cm surface of ginseng) was enough to break the physical shape of ginseng. Therefore, the significant toxicity of C. destructans was at least partly due to the strong cellulase activity.
Conclusively, the enzymes tested in this study (pectinase, cellulase and ligninase) caused rusty-root color formation and Fe +++ synergistically worsened the symptom. 
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